Abstract: This paper presents a new vector Hysteresis Current Control (HCC), which is applied on a three-phase three-level Voltage Source Inverter (VSI) and eliminate rotor currents harmonics using PI-Fuzzy controller (PI-F). The proposed control technique is used to control the active and reactive power of wind turbines by means of controlling the rotor currents of the Doubly Fed Induction Generator (DFIG) during grid voltage distortion for reduction of current harmonic using PI-F. These control techniques use single or multiple applications of hybrid PI-F with anti-windup and Notch filter to eliminate the second-order harmonic components and negative sequence components. In the newly proposed SFOC-based scheme, PI controllers with Fuzzy, Notch filters and the Sequence Component Controller (SCC) are utilized. The designed system consists of an induction generator with slip ring and power-electronics converters at both rotor and grid sides. The modifications are applied to the Rotor Side Converter (RSC). Simulations in Matlab/Simulink illustrate the enhanced stability of torque, active and reactive powers delivered by DFIG in both the PWM controller (PWM) and HCC schemes. Moreover, comparisons in simulation results, obtained separately from all the presented control structures, are provided to evaluate the effectiveness of the newly proposed scheme.
Introduction
DFIG has been commonly used in wind power generation due to the advantage of low rating of power-electronics circuits needed to independently control of active and reactive powers delivered to the grid [1] . However, it happens very often that the grids experience the problems of voltage unbalance, which raise the winding temperature and cause pulsations of torque and power, oscillations of stator/rotor currents, the electrical stress on the RSC and the mechanical stress on the gear box [2] , [3] .
In fact, there have been several modifications proposed to ameliorate the performances of the DFIG based wind turbines during grid voltage distortion. Current controllers are designed to control positive and negative sequences of the rotor current on the basic of machine models in positive and negative d-q reference frames in order to achieve four targets such as: the balance of stator current, constant output active power, invariant electromagnetic torque for reducing the mechanical stress, and oscillation of the rotor current [4] . In detail, both positive and negative sequence components are used in this scheme. Referring in [5] , [6] , dynamic programming power control plus which applies the Bellman theory for optimal control of discrete time systems is suggested to obtain correctly the converter switching sequence for controlling the decoupled active and reactive powers under the network unbalance condition. The optimum policy is determined from the pre-defined quadratic time-domain performance criterion and cost function for any operating point [7] .
The stator voltage's magnitude is determined by the exchange of reactive power between generator and the grid while the phase difference is controlled by active power [4] . Therefore, power balance must be maintained on the grid. A voltage drop proportional to current and radial distance to the substations happens when a fault occurs. Due to the remote location of wind farms, the voltage difference may be well out of the limits and this could result in multiple disconnections on the wind farms [4] .
The active power delivered to the grid by generator depends on the input mechanical power provided by the wind turbine. Therefore, a mismatch in power supply and demand on the distribution network could lead to a change in rotational energy stored in the generator. This will cause a decrease in frequency if the power supply is insufficient and an increase in frequency if the power supply is excessive [4] .
A modified control scheme to reduce the over current and over DC link voltage of the converters during grid voltage disturbance has been proposed for Stator Flux Oriented Control (SFOC) by considering the dynamic response of magnetizing current [8] . The effect of the core saturation on the performance of DFIG during voltage unbalance is also investigated [9] . A new model of DFIG whose magnetizing inductance is a function of magnetizing current is developed to propose a new control scheme, considering the dynamic response of magnetizing current to compensate the effect of core saturation [9] . However, the complexity of this control system will increase with the inclusion of magnetizing current's dynamic control
Doubly Fed Induction Generator Modeling
This section discusses the control structure for vector control of grid connected doubly fed induction generator. The control methods in [6] , [8] , [9] are based on SFOC, while the methods in [7] and this paper are on SFOC with SCC and PWM/HCC using PI-F.
Dynamic model of DFIG with balanced grid voltage in a generally rotating reference frame dq [2] are considered in this paper. Furthermore, positively and negatively rotating reference frames, which are denoted as dq+ and dq− respectively, are also used to develop control model for DFIG during unbalanced voltage dip. These reference frames are presented in the Fig. 1 .
In SFOC reference frame, where the d axis is attached the stator flux space vector, the following characteristics are obtained:
The stator voltage equations and stator current of DFIG in a generally rotating reference frame dq as shown in equations (2.1), (2.2) 
Balanced Network Voltage
If the d-axis of the reference frame is fixed to the stator flux rotating at the synchronous speed of equations in the new reference frame can be derived by simply replacing with in (1) 
The equations above have shown that independent control of P and Q can be by controlling idr and iqr in SFOC.
Unbalanced Network Voltage
Assuming no zero sequence components, the three phase quantities such as voltage, current, and flux may be decomposed into positive and negative sequence components when the network is unbalanced. In the stationary reference frame, the voltage, current, and flux can be decomposed into positive and negative sequence components as [6] ( ) ( When unbalanced voltage, the equations for active and reactive powers in the stator [6] ; [7] . 
The total power imported from the rotor shaft equals to the sum of the power outputs from the 
The electromagnetic torque of the DFIG is calculated as
e e e e e r r P P P P T      (11) 
The Proposed Control Methods

Previously and Newly Proposed Control Schemes
The structure of our formerly modified control method with SFOC for DFIG is represented [11] . The modified control scheme previously and newly proposed one with SFOC are illustrated by Fig. 2 and Fig. 3 , respectively. Converters on the rotor side of DFIG are controlled to achieve the independent control of active and reactive powers.
According to [11] , the control system, using hybrid PI-Fuzzy controller, has provided better performances
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of the generated powers. However, this is only verified with the balanced grid voltage. To enhance the stability of the powers during voltage unbalance situation, the inclusion of Notch filter has been suggested by [12] and shown in Fig. 2 and Fig. 3 . Notch filters are used to eliminate second-order harmonic components in positive and negative sequences of the stator voltage. For the scheme in Fig. 2 and Fig. 3 , Notch filters are used with the positive sequence of stator voltage and the negative sequence of the rotor current [12] . In Fig. 2 and Fig. 3 , the control scheme proposed in this study, applies SCC to eliminate the negative sequences of the stator voltage which cause distortions in power responses. Additionally, Notch filter is also used to eliminate the second-order harmonic component in the stator voltage. This suggested control scheme reduces the number of current sensors and Notch filter. The decreased amount of computational tasks is achieved with PI controllers with Fuzzy. Fig. 2 and Fig. 3 PI-F as shown in Fig. 4 are used to control the errors between the required and actual values of both the active power and reactive power delivered to the grid by the generator. The parameters of the PI-F are adjusted by the fuzzy rules to obtain the best output to drive the errors to zero. The output of these controllers are commanded values of d-q components of rotor current in the stator flux oriented reference frame. These commanded values of currents are used to regulate the RSC for provision of the rotor phase voltage to DFIG [11] . Fig. 3 The block diagram of the rotor side converter control is shown in Fig. 3 . The active and reactive powers are compared to their references, and then two PI controllers are used. The outputs of the two PI-F represent the direct and quadrature components of the current references. The rotor currents of the DFIG are compared to their references after being sensed and transformed to dq reference frame. The two DC capacitors, which supply the three-level VSI, are assumed with great value in order to neglect the DC capacitor unbalance [13] , [14] . The three phase three-level VSI has three switching commutation cells; each one contains four IGBT and two neutral clamping diodes (Fig. 5) . 
PI-F for the Scheme in
Hysteresis Current Control for the Scheme in
Modifications in the Newly Proposed Scheme
The newly proposed scheme also include a SCC which help to eliminate the negative sequence components of the fundamental frequency and all the harmonics components of stator voltage. The Notch filters are assigned to remove the negative sequence components which cause oscillation in active power, reactive power, and electromagnetic torque according to equations (8) and (9) [4] .
The newly proposed scheme is different to the methods in [6] and [7] . However, reference values of I dqr   are the output of two PI controllers with fuzzy, as shown in Fig. 3 , instead of being calculated from equation (6) as in [12] . The PI-F will provide the independence with parameter variations for the commanded values 
Substituting (1), (7) and (12) SCC also functions as a current controller using PI-F to regulate the positive sequence components of rotor current. Negative sequence components of rotor current will increase the power rating of RSC if being used to control generator's active and reactive power [4] .
A totally different current control method, which is hysteresis control, is also presented in this paper as shown in Fig. 4 .
The application of Notch filters for removing the 2 nd harmonic order is the similarity between the proposed ones and schemes in [6] , [7] . ii  as in Fig. 3 and Fig. 4 
The next session will verify the performance of the proposed methods.
Simulation Results
Simulations of the proposed control methods for the 2.3MW grid-connected DFIG are carried out with the generator's parameters as given by Table 1 . The commanded values of P and Q are changed after 50s, reference value of P is changed from 1.5 MW to 2.0 MW while the reference value of Q is changed from 1.2 MVAR to 800 KVAR. The grid voltages are balanced until the 60th second (Fig. 6) , one of the phase voltages is reduced by 10%, and then they are balanced again from the 80th second. The proposed control methods are for variable speed and constant frequency of DFIG, without loss of generality, the rotor speed in the simulation is super-synchronous and at a particular value of 1400 rpm. The wind speed's variation is shown in Fig. 7 .
The mean, maximum, and minimum values of the active power, reactive power and machine's torque during the unbalanced voltage from the 65 th second to the 75 th second are represented in Tables 2 and 3 . In detail, the statistics of operations at the sub-synchronous speed nr= 1400 rpm are also illustrated by these tables. Fig. 6 . The grid voltages are balanced until the 60th second. The simulation results with two different control structures, including the proposed scheme, are shown in Fig. 11 to Fig. 19 for the active and reactive output powers. These figures demonstrate the power responses when the voltage unbalance happens (from the time t = 60s) and when the commanded values of powers change (at the time t = 50s) under the voltage unbalance. Besides, Fig. 17, Fig. 18 illustrates the torque response of the generator. 
Dicussion
As shown in Table 2 , the SCC using PI-F (HCC) methods have shown good steady-state active power responses during the voltage unbalance. In detail, the deviation of the mean value of active power from the reference value is almost zero percent; and the deviation of the maximum and minimum values from the mean value are within 1%. In addition, SCC using PI-F (PWM) is also giving the good performance with small deviation of mean values from reference values about 3%. The PWM schemes is active power response when the voltage unbalance happens has higher ripples, while the responses obtained with the two SCC using PI-F for HCC schemes.
As seen in Table 3 , steady-state responses of the reactive power are also very good with SCC using PI-F (HCC). In detail, the deviations are ±2%. Besides, the deviations of reactive power's mean values for SCC using PI-F (HCC) are also reasonably small during the voltage unbalance. Additionally, higher ripples are observed in reactive power responses of the traditional PI when the voltage unbalance occurs as described in Fig. 14 to Fig. 16 . The observation is also consistent with statistics in Table 3 . Fig. 15 and Fig. 16 shows the dynamic responses of reactive powers during transient states.
The SCC using PI-F (PWM) is rotor current response when the voltage unbalance happens has higher ripples, while the responses obtained with the two SCC using PI-F (HCC) schemes (shows in Fig. 8 to Fig.  10 ).
Harmonic contents of stator current during balanced voltage are quite good for the two control schemes above as shown in Fig. 19 and Harmonic contents of rotor current in Fig. 20 . The Total Harmonic Distortion's (THD) are almost the same in these figures. However, during voltage unbalance, with PWM current control gives the best performance in terms of THD. Table 4 illustrates the comparison of THD in the two methods for unbalanced voltages. Total harmonic distortion of the two new control schemes for stator current has been significantly reduced during the unbalanced voltage (1.03% for PWM and 3.47% for HCC). For THD's rotor current (7.23% for PWM and 19.21% for HCC). All the THD values of stator current are increased during the unbalance
Conclusion
The proposed SFOC-based scheme for DFIG with the inclusion of SCC has elevated the stability of the torque response during the grid voltage unbalance when being compared with other modifications of PWM and HCC for better stabilities during the unbalanced voltage dip. This improvement helps reduce the electrical stress on converters and the mechanical stress on the gear box. Furthermore, the responses of active and reactive power are ameliorated when being compared with a traditional SFOC, although the oscillations are still quite high.
In this study, the observations are made during the occurrence of the voltage dip in one phase, transient states as well as steady states of the powers and torque under the unbalanced condition. When being compared with responses from HCC, the proposed scheme also gives fast responses of active and reactive powers during transient states under the voltage unbalance. In all the observations, the independent controls of the powers are still maintained for the suggested scheme.
Responses of the active power, reactive power, and torque from all the control schemes are observed at the sub-synchronous speed operation when the active power is consumed on the rotor and delivered on the stator of DFIG.
In the future, the experimental verification of the proposed control scheme should be carried out to validate the results obtained in simulations
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